Aims/hypothesis The aim of this study was to examine the long-term associations of BMI and physical activity with type 2 diabetes, and to estimate shared genetic components of these traits. 2 ) and decreased with physical activity (HR 0.56 [95% CI 0.39, 0.80] for high vs low). Heritability was estimated to be 77% (95% CI 54%, 83%) for type 2 diabetes, 65% (95% CI 58%, 73%) for BMI, and 57% (95% CI 47%, 67%) for physical activity. The genetic correlation with type 2 diabetes was 0.43 (95% CI 0.31, 0.58) for BMI and −0.23 (95% CI −0.46, 0.02) for physical activity, implying that 18% (95% CI 9%, 34%) of the genetic influence on type 2 diabetes is shared with BMI and 5% (95% CI 0%, 20%) with physical activity. Conclusions/interpretation Indications of shared genetic effects are found for BMI and type 2 diabetes, which suggests that these traits are partly influenced by the same genetic factors. In contrast, our findings suggest that the genes related to physical activity are essentially different from those associated with type 2 diabetes.
Introduction
One of the major health hazards to people who are overweight and/or sedentary is an increased risk of type 2 diabetes [1, 2] . These traits also have strong genetic components; twin studies indicate heritability of 26-73% [3] for type 2 diabetes, 50-90% for BMI [4] and 27-70% for physical activity [5] . If the same genetic factors that promote type 2 diabetes are related to BMI or physical activity, part of these associations may reflect a common genetic origin, rather than a causal effect.
Few studies have addressed this issue, but recent findings from the Finnish Twin Cohort indicate that one-fifth of the genetic influence on type 2 diabetes is shared with BMI [3] . No corresponding estimates were reported for physical activity, but it was suggested that the association with type 2 diabetes is largely independent of genetic influence [6] . Only two other studies, based on a small number of twins, have addressed these issues [7, 8] . Replications and expansions in this field are thus needed.
Our aim was to simultaneously investigate the association between BMI, physical activity and type 2 diabetes in relation to genetic factors, and to estimate shared genetic influences on these traits, using data from the Swedish Twin Registry, one of the world's largest twin studies.
Methods

The Swedish Twin Registry
We used data from the Swedish Twin Registry consisting of same-sex twin pairs born 1886-1958 [9] . Baseline information on height, weight, health and lifestyle factors (e.g. physical activity, alcohol consumption, occupation and smoking) were obtained by questionnaires administered between 1967 and 1972.
Follow-up
Between 1998 and 2002, these twins were screened for disease, including diabetes in the SALT (Screening Across Lifespan Twin) Study [9] . Data were collected via telephone by trained interviewers. Among 42,334 twins eligible for the present study (complete baseline information on BMI and physical activity and free from diabetes), 9,659 (22.8%) died before follow-up. Of the remainder, we were able to follow-up 72% (n=23,539) with regard to diabetes. Of these, 1,068 developed diabetes, and 1,021 (96%) were classified as having type 2 diabetes either because they responded that, according to their doctor, they had 'oldage diabetes', 'type-2 diabetes' or 'non-insulin-dependent diabetes' (n=785, 77%) or, if they did not know their type, because they reported age at onset to be >35 years (n=236, 23%). Participants who did not fit these criteria were excluded.
Measurements
Zygosity was determined on the basis of questions on childhood resemblance. When compared with DNA testing, this method has been proven to correctly classify more than 95% of twins [9] . BMI (kg/m 2 ) was calculated on the basis of baseline questionnaire information on height and weight and categorised according to WHO classification. Information on physical activity was collected by a question on average leisure time physical activity. For participants born 1886-1925, response options were: 1, 'hardly any'; 2, 'some light exercise'; 3, 'exercise regularly'; 4, 'exercise a lot' (categories 3 and 4 were collapsed in the analyses). For participants born 1926-58, there were seven response options, which were combined into three: low (exercise 'almost never' to 'hardly ever'), moderate ('very little' to 'quite a bit') and high ('a lot' to 'very much') physical activity.
Analyses
Cohort analyses We calculated HRs of type 2 diabetes in relation to BMI and physical activity in an ordinary cohort analysis, where we used Cox proportional hazards models with a frailty component to handle within-pair dependences (SURVIVAL 2.36-14 package with Coxph in R 2.15.0). Person-years were accumulated from age at baseline until age of diabetes onset or age at end of follow-up, whichever came first. Adjustment for smoking, occupation and alcohol consumption had limited influence on the HRs (<5% change), and therefore these factors were not included in the final model.
Heritability analyses Structural equation models estimated how much of the variance in diabetes could be explained by additive genetic effects (A), common environmental effects (C) and unique environmental effects (E) in a univariate ACE threshold model. Two multivariate Cholesky ACE threshold models for BMI/diabetes and physical activity/diabetes were used to extract estimates of the genetic (r g ) and environmental (r e ) correlations between these traits. No additional covariates were used in any of the models and only complete pairs. All analyses were performed in MX 1.7.
Results
Cohort analyses
During follow-up, the cumulative incidence of type 2 diabetes was 4.3% (Table 1) . Mean age at onset was 58.7 and a higher proportion of men (5.1%) than women developed diabetes (3.7%). In cohort analysis, based on 23,539 twins, overweight and obesity were associated with an increased risk of type 2 diabetes, whereas physical activity was associated with a reduced risk, compared with participants with normal weight and low physical activity, respectively ( 
Heritability analyses
The variance component analyses were based on 4,183 complete twin pairs including 619 cases of diabetes ( Table 1) . The increased risk of type 2 diabetes conferred by overweight/obesity and physical inactivity was confirmed in cohort analysis of this subset of twins (Table 2) . Structural equation modelling indicated that additive genetic effects contributed substantially to the variation in type 2 diabetes (77%), BMI (65%) and physical activity (57%) ( Table 3 ). The remaining variation in diabetes was attributed to unique environmental factors. BMI was influenced by shared (17%) as well as unique (18%) environmental factors, whereas nonshared environmental factors appeared to be more important for variation in physical activity (34%).
We 
Discussion
The association between overweight/obesity, physical activity and type 2 diabetes documented previously [1, 2] was confirmed in our twin study, as was the strong genetic influence on these traits [3] [4] [5] . We estimated the shared genetic influence of BMI and type 2 diabetes to be 19%, which indicates that these traits are, in part, influenced by the same genes. This confirms findings based on Finnish, Indian and Australian twins [6] [7] [8] . There are some potential pleiotropic genes, including the FTO gene, which has been linked to BMI as well as type 2 diabetes [10] . However, currently identified genes can only explain about 10% of the heritability of type 2 diabetes, and a wide range of presently unidentified genes could be involved.
In contrast, we estimated that only 5% of the genetic influence of physical activity and type 2 diabetes was shared. This suggests that the strong genetic influence of physical activity (57%) is related to genes that are essentially different from those related to type 2 diabetes. To the best of our knowledge, the shared genetic component of physical activity and type 2 diabetes has not been estimated previously, but these findings are supported by a report from the Finnish Twin Cohort [6] .
In our study, cases of diabetes were identified by interview several years after the baseline investigation. Loss to follow-up may lead to underestimation of the association between BMI/physical inactivity and diabetes, but is unlikely to influence the heritability estimates as long as MZ and DZ twins do not differ in this respect. We have no reason to believe otherwise since death rates did not differ by zyogosity. Cases of undiagnosed diabetes will also be missed. It seems possible that undiagnosed diabetes is less common among siblings of diabetic twins, but this will not lead to inflated heritability estimates as long as MZ and DZ twins do not differ in this respect. This seems unlikely, since the cumulative incidence of diabetes was similar in MZ and DZ twins. Given that type 2 diabetes is by far the most common form of diabetes, the implication of any misclassification of diabetes type in our interpretations is probably modest. There is probably some misclassification of twins by zygosity, which may have diluted the estimated genetic influences. A further limitation was the crude information on physical activity and BMI. However, the association with type 2 diabetes that we observed was very similar to results seen in studies with more detailed information [1, 2] . Also, the estimated genetic component of BMI, physical activity and type 2 diabetes was within the range of previous studies [3] [4] [5] .
We conclude that shared genetic factors contribute to the association between BMI and type 2 diabetes, whereas genetic factors related to physical activity seem to be essentially distinct from those related to type 2 diabetes.
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